Abstract. In land plants, photosystem II subunit S (PsbS) plays a key role in xanthophyll-and pH-dependent non-photochemical quenching (qE) of excess absorbed light energy. Arabidopsis thaliana (L.) Heynh. npq4 mutants are defective in the psbS gene and have impaired qE. Exactly how the PsbS protein is involved in qE is unclear, but it has been proposed that PsbS binds H + and/or de-epoxidized xanthophylls in excess light as part of the qE mechanism. To identify amino acid residues that are important for PsbS function, we sequenced the psbS gene from eight npq4 point mutant alleles isolated by forward genetics screening, including two new alleles. In the four transmembrane helices of PsbS, several amino acid residues were found to affect the stability and/or function of the protein. By comparing the predicted amino acid sequences of PsbS from several plant species and studying the proposed topological structure of PsbS, eight possible H + -binding amino acid residues on the lumenal side of the protein were identified and then altered by site-directed mutagenesis in vitro. The mutant psbS genes were transformed into npq4-1, a psbS deletion mutant, to test the stability and function of the mutant PsbS proteins in vivo. The results demonstrate that two conserved, protonatable amino acids, E122 and E226, are especially critical for the function of PsbS.
Introduction
PsbS was first identified as an intrinsic 22-kDa subunit of oxygen-evolving PSII in spinach (Berthold et al. 1981) . Sequencing of the psbS gene revealed that the protein belongs to the light-harvesting complex (LHC) protein superfamily (Kim et al. 1992; Wedel et al. 1992) but differs from typical LHC proteins in several respects. Unlike other LHC proteins, which have three transmembrane helixes (TMH), PsbS has four . Because of sequence similarity between PsbS and LHC proteins and the internal similarity between the first and last two TMHs within PsbS, a protein like PsbS with four TMHs was proposed as the ancestor of typical LHC proteins with three TMHs . Isolation of spinach PsbS by isoelectric focussing suggested that PsbS binds chlorophyll and carotenoids. Hence, it was named CP22 (chlorophyll-protein complex of 22 kDa; Funk et al. 1994 Funk et al. , 1995b . Other attempts to isolate PsbS with pigments bound, however, have failed, and in vitro reconstitution of Arabidopsis PsbS with pigments under conditions similar to those used for typical LHC proteins was not successful (Dominici et al. 2002) . Together, these results suggest that if PsbS does bind pigments, its pigment-binding characteristics must be different from those of other LHC proteins (Funk et al. 1995b; Dominici et al. 2002) . Indeed, most of the conserved amino acids in LHC proteins such as LHCII, CP26 and CP29 that form the ligands for chlorophyll (Kühlbrandt et al. 1994; Bassi et al. 1999) are not found in PsbS, and PsbS is stable in the absence of chlorophyll in vivo (Funk et al. 1995a) .
Unlike typical LHC proteins, PsbS functions in photoprotective thermal dissipation of excess absorbed light energy, rather than in light harvesting for photosynthesis (Li et al. 2000) . Thermal dissipation decreases the lifetime of excited singlet chlorophyll, leading to non-photochemical quenching (NPQ) of chlorophyll fluorescence (reviewed in Horton et al. 1996; Müller et al. 2001) . In a genetic screen for Arabidopsis mutants that are defective in NPQ, a psbS deletion mutant called npq4-1 was isolated and characterized (Li et al. 2000) . The npq4-1 mutant is specifically defective Abbreviations used: CP, chlorophyll-binding protein; DCCD, dicyclohexylcarbodiimide; EMS, ethylmethane sulfonate; F m , maximal Chl a fluorescence level in dark-adapted samples; F m ′, maximal fluorescence level during continuous illumination; LHC, light-harvesting complex; NPQ, non-photochemical quenching; qE, xanthophyll-and pH-dependent non-photochemical quenching; TMH, transmembrane helix.
in the major component of NPQ, and lacks a characteristic absorbance change (∆A 535 ) that is invariably associated with qE (Li et al. 2000) . Despite the absence of the PsbS protein in npq4-1, growth in low light, photosynthetic oxygen evolution, and accumulation of PSII LHC proteins are unaffected. Additional alleles of npq4 have been isolated in several independent mutant screens (Shikanai et al. 1999; Havir 2000, 2001; Graßes et al. 2002) , and it is clear that PsbS is necessary for qE in Arabidopsis.
Besides PsbS, qE depends on the presence of specific de-epoxidized xanthophylls and a low thylakoid lumen pH (reviewed in Horton et al. 1996; Gilmore 1997; Müller et al. 2001) . Because of its dependence on lumen pH, qE is highly responsive to changes in light intensity, and exhibits rapid induction and relaxation on a timescale of seconds to minutes. The de-epoxidized xanthophylls required for qE in green plants are primarily synthesized as part of a xanthophyll cycle in which zeaxanthin and antheraxanthin are formed in excess light by de-epoxidation of violaxanthin (reviewed in Demmig-Adams 1990; Eskling et al. 1997; Yamamoto et al. 1999) . Although a positive correlation is consistently found between qE and the de-epoxidation state of the xanthophyll cycle pigment pool (Demmig-Adams and Adams 1996), as few as one or two de-epoxidized xanthophyll molecules (zeaxanthin, antheraxanthin, or possibly lutein) per PSII can be sufficient for qE (Gilmore 1997; Bukhov et al. 2001) . The low lumen pH (~ pH 5.2-6.0) is required for activation of the violaxanthin de-epoxidase enzyme and protonation of some PSII protein(s).
What is the exact mechanistic role of PsbS in qE? It has been proposed that PsbS binds the de-epoxidized xanthophylls and/or the H + that are necessary for qE, thereby inducing a 'conformational change' that is necessary for qE (Li et al. 2000) . Recent resonance Raman spectroscopic experiments suggest that the qE-related ∆A 535 signal results from a PsbS-dependent 22-nm red-shift in the absorbance spectrum of approximately two zeaxanthin molecules per PSII (Ruban et al. 2002) . This finding is consistent with the idea that PsbS might form the binding site for the zeaxanthin molecules that function directly in qE. PsbS has also been shown to bind dicyclohexylcarbodiimide (DCCD; Dominici et al. 2002) , an inhibitor of qE that reacts with H + -active carboxylate side chains in proteins, suggesting that PsbS might indeed bind H + . Chlorophyll fluorescence lifetime analysis has identified three different lifetime components that exhibit qE-related changes (Gilmore et al. 1995) . Based on this analysis, a three-state model was proposed in which an unknown chlorophyll-binding protein (CP) forms a quenching centre with a short chlorophyll fluorescence lifetime after first binding H + (with an estimated pK a of ~ 5.2) and then de-epoxidized xanthophylls (Gilmore et al. 1998 (Li et al. 2002) . This result is consistent with PsbS being the unknown CP protein in the three-state model, and suggests that H + binding to PsbS is involved in the qE mechanism. To further investigate the possible binding of de-epoxidized xanthophylls and/or H + by PsbS, we have begun a structure-function analysis of PsbS using point mutants generated by classical forward genetics, as well as by site-directed mutagenesis. The effects of these changes on the stability and function of PsbS were tested in vivo, and the results show that specific protonatable amino acid residues in lumenal loops of PsbS are critical for its function in qE.
Materials and methods

Plant material and growth conditions
Arabidopsis thaliana (L.) Heynh. plants in the Col-0 wild-type background were used for all experiments, except where noted. Plants were grown either on minimal agar medium (Haughn and Somerville 1986) lacking sucrose in 100 × 25 mm petri plates at 23°C and continuous illumination with a photon flux density of 80 µmol photons m -2 s -1 , or in potting soil in a greenhouse under long-day growth conditions (16 h light/8 h dark; maximum photon flux density of 500 µmol photons m -2 s -1 ). Biochemical and physiological analyses were performed on plants grown in soil, prior to initiation of flowering.
PsbS amino acid sequence alignment
Sequences in GenBank were queried for similarity to the predicted amino acid sequence of Arabidopsis PsbS (accession number Q9XF91) using BLAST (Altschul et al. 1997) . Deduced protein sequences of PsbS from spinach (Q02060; Kim et al. 1992; Wedel et al. 1992) , tobacco (Q9SMB4), tomato (P54773; Wallbraun et al. 1994) and rice (JC6204; Iwasaki et al. 1997) were obtained directly from GenBank. PsbS sequences from Medicago truncatula, soybean, maize and Physcomitrella patens were assembled from overlapping expressed sequence tags using software from DNAStar (Madison, WI, USA). Expressed sequence tag contigs were translated and aligned using SeqWeb programs (Genetics Computing Group, Madison, WI, USA).
Screening for npq mutants and psbS gene sequencing
M2 seedlings derived from mutagenesis with 0.3% ethylmethane sulfonate (EMS) were screened by chlorophyll fluorescence video imaging for mutants with aberrant induction of NPQ, as described previously (Niyogi et al. 1998) . Young floral buds were collected from confirmed mutants, and genomic DNA was isolated (Shure et al. 1983) . The coding region of the psbS gene was amplified by polymerase chain reaction (PCR) using the primers KN118 (5′-TCCT-TCTCTCATCCTCAGAAA-3′) and KN119 (5′-CAACATGAAGA-GAAGGTCACA-3′) and directly sequenced. Each identified mutation was sequenced from at least two independent PCR reactions.
NPQ measurements
Chlorophyll fluorescence was measured at room temperature from attached rosette leaves using a commercial fluorometer (FMS2; Hansatech, King's Lynn, Norfolk, UK). After an overnight dark period, standard chlorophyll fluorescence parameters (van Kooten and Snel 1990) were measured before, during, and after actinic illumination with 1300 µmol photons m -2 s -1 . NPQ was calculated as (F m -F m ′)/F m ′, and qE was determined by subtracting the amount of NPQ that was observed in the npq4-1 mutant.
Determination of PsbS protein levels
For PsbS immunoblot analysis, rosette leaves were harvested, frozen immediately in liquid nitrogen, and stored at -80°C. Thylakoids were isolated by grinding frozen leaves in grinding buffer [0.33 M glucose, 50 mM HEPES (pH 7.5), 0.4 M NaCl, 2 mM MgCl 2 , 1 mM EDTA, 2 mg mL -1 bovine serum albumin, 1 mM amino benzamidine, 1 mM aminocaproic acid, 100 µM phenylmethylsulfonyl fluoride (PMSF)], followed by centrifugation at 30 g to pellet cell debris. The supernatant was centrifuged at 1300 g for 10 min, and the pellet was resuspended in wash buffer [50 mM HEPES (pH 7.5), 0.15 M NaCl, 4 mM MgCl 2 , 1 mM EDTA, 1 mM amino benzamidine, 1 mM aminocaproic acid, 100 µM PMSF] and pelleted again at 10600 g for 5 min. The pellet was washed three times before being resuspended in a small amount of wash buffer. Thylakoids were dissolved in solubilization buffer [250 mM Tris-HCl (pH 6.8), 3.5% SDS, 10% (v/v) glycerol, 1 M urea, 10% (v/v) beta-mercaptoethanol], and SDS-PAGE was conducted under denaturing conditions with a pre-cast 10-20% acrylamide gel with Tris-glycine buffer (NOVEX, San Diego, CA, USA). A protein sample containing 1 nmol chlorophyll was loaded in each lane. The polyclonal antibody recognizing PsbS was generated (Sigma-Genosys, The Woodlands, TX, USA) in rabbits against an Arabidopsis PsbS peptide that is between the second and third TMHs at the stromal side of the native protein. The sequence used to generate the antibody was CGDRGKFVDDPPTG. PsbS protein levels were detected using an enhanced chemiluminescence western blotting kit (Amersham Pharmacia Biotech, Piscataway, NJ, USA).
Site-directed mutagenesis and transformation
A 3.2-kb genomic DNA fragment containing the wild-type Arabidopsis psbS gene (Li et al. 2000) was cloned into pBluescript to create pXPL7, and codon changes were introduced using PCR and specific oligonucleotides in vitro. All mutations were confirmed by DNA sequencing. Each mutated psbS gene was subcloned into pPZP121 (Hajdukiewicz et al. 1994) and then transformed into npq4-1, a psbS deletion mutant (Li et al. 2000) , by Agrobacterium-mediated T-DNA transformation (Clough and Bent 1998) .
DNA gel blot analysis
For DNA gels, genomic DNA was digested with XhoI. A 1.1-kb fragment of the psbS genomic clone was amplified from plasmid pXPL7 by PCR with the primers XPL14 (5′-CTTTTTCCCCCATG-TAAGC-3′) and PZP1 (5′-CAGCGGAGGGGTTGGATC-3′) and used as a hybridization probe for DNA gel blots. DNA gel blot analysis was conducted using the AlkPhos Direct Kit detected with the CDP-Star chemiluminescence method (Amersham Pharmacia Biotech).
Results and discussion
PsbS is a highly conserved protein in land plants
To identify conserved amino acid residues that are most likely to be important for the function of PsbS, we aligned the sequence of the Arabidopsis PsbS protein with sequences from eight other phylogenetically diverse land plants (Fig. 1) , including two monocots (Oryza sativa and Zea mays) and a moss (P. patens). Full-length cDNA sequences were available in GenBank for five of these species, and sequences for M. truncatula, Glycine max, Z. mays and P. patens were assembled from overlapping expressed sequence tags. The P. patens sequence was incomplete. Interestingly, no PsbS sequence was found in any oxygenic photosynthetic organisms besides land plants, despite the availability of a significant number of expressed sequence tags for certain eukaryotic algae (Chlamydomonas reinhardtii and Porphyra yezoensis) and complete genome sequences for several cyanobacteria. The consensus sequence showed that PsbS is a highly-conserved protein, as over 60% of amino acid residues in the mature PsbS protein were identical in all of the sequences. For several positions that did not appear in the consensus, the amino acid residue was conserved in 8 out of 9 species. As expected, the amino-terminal chloroplast transit peptides exhibited considerable variation in sequence and length.
An updated model for the overall topology of the mature PsbS protein in the thylakoid membrane is shown in Fig. 2 . This schematic model is based on protease sensitivity experiments with spinach PsbS ) and similarity to the major PSII LHC protein, Lhcb1, whose crystal structure has been determined (Kühlbrandt et al. 1994) . Compared with earlier models (Kim et al. 1992; Wedel et al. 1992; Jansson 1999; Li et al. 2000) , the position of the amino terminus of the mature PsbS protein has been revised to reflect the results of liquid chromatography/mass spectrometry of intact thylakoid proteins of spinach (Gómez et al. 2002) , tobacco and Arabidopsis (S. Gómez and J. Whitelegge, pers. comm.). The first and third TMHs and the second and fourth TMHs are very similar to each other, as are the two lumenal loops. The first and third TMHs include conserved glutamate-arginine ion pairs that, in the Lhcb1 crystal structure, appear to hold these TMHs together in a 'cross-brace' and provide ligands to two bound chlorophyll molecules (Kühlbrandt et al. 1994) . However, other chlorophyll ligands and amino acid side chains that appear to interact with bound xanthophylls in Lhcb1 (Pichersky and Jansson 1996) are not obviously conserved in PsbS. In or near the two lumenal loops are eight acidic amino acid residues (seven glutamates and one aspartate, highlighted in Fig. 2 ) that could have a role in binding H + when qE is triggered by low lumen pH in excess light. The seven glutamates are completely conserved in all available PsbS sequences (Fig. 1) , whereas the aspartate (D233) in Arabidopsis is replaced by glutamate in the other plant species. Because aspartate and glutamate are similar amino acids, this difference is not expected to have a major effect on the structure and function of PsbS.
Single amino acid changes affect the stability and/or function of PsbS
To identify amino acid residues that are important for PsbS function in vivo, we sought to generate an allelic series of Arabidopsis npq4 mutants by forward genetic screening. In particular, we focussed on screening for EMS-induced npq4 mutants, which are likely to be single base-pair mis-sense Nine additional PsbS sequences were omitted from the alignment because they were incomplete or highly similar to one or more of the selected nine sequences. The site of cleavage that generates the mature PsbS protein after import into chloroplasts is indicated by the inverted triangle (Gómez et al. 2002; S. Gómez and J. Whitelegge, pers. comm.) . Asterisks indicate the eight putative H + -binding amino acids that are predicted to face the thylakoid lumen (see Fig. 2 ). The Arabidopsis peptide used to generate the anti-PsbS antibody is underlined.
mutants that alter a single amino acid residue in the PsbS protein. Using a chlorophyll fluorescence video imaging system, we screened 51500 M2 seedlings and identified 25 new npq mutants that had a heritable phenotype in subsequent generations. Of these 25 mutants, five were found to be alleles of npq4 by genetic complementation tests with npq4-1 and DNA sequencing of the psbS gene from the mutants. Two novel alleles (npq4-10 and npq4-11) are described here, along with three alleles (npq4-5, npq4-6 and npq4-7) whose sequence was reported earlier (Li et al. 2000) .
We collected a total of 11 npq4 alleles isolated by forward genetic screens (Table 1) . Three of them (npq4-1, npq4-2 and npq4-3) were derived from fast neutron mutagenesis and were found to be psbS deletion mutants (Li et al. 2000 ; X.-P. Li and K.K. Niyogi, unpublished results). The other eight alleles (npq4-4 through npq4-11) have single mis-sense mutations affecting different amino acid residues in PsbS (marked with triangles in Fig. 2 ). All were derived from EMS mutagenesis except npq4-8, which was isolated from a T-DNA insertional mutant pool but is not tagged Table 1 ). Eight putative H + -binding amino acid residues on or close to the lumenal side are marked by squares. The positions of these putative H + -binding residues are numbered relative to the predicted initiator methionine of the PsbS precursor protein (prior to import into chloroplasts), as in Fig. 1 . (Peterson and Havir 2000) . In all eight mis-sense alleles, the amino acid changes are in the putative TMHs. Seven of the eight mis-sense alleles affect amino acid residues that are conserved in all available PsbS sequences (Fig. 1) , and in npq4-8 the site (G150) is conserved in all but one of the aligned sequences. The npq4-4, npq4-5, npq4-6, npq4-7 and npq4-9 mutants had wild-type levels of PsbS protein and decreased qE, showing that the single amino acid changes in these mutants affect the function of PsbS without affecting protein stability. Because of the difficulty in trying to assay pigment binding by PsbS, we still do not know whether these mutations affect binding of chlorophyll or de-epoxidized xanthophylls. Alternatively, they might affect the secondary structure or orientation of the TMHs. Amino acid changes in npq4-8, npq4-10 and npq4-11 decreased the amount of PsbS in thylakoid membranes, showing that these amino acids are important for protein stability. In each of these three mutants, charged amino acids were substituted for glycines. This type of mis-sense mutation in TMHs might be expected to affect protein stability. With the exception of npq4-11, the qE-deficient phenotype of the point mutant alleles was not as severe as that of the deletion mutants (i.e. npq4-1).
Site-directed mutagenesis of eight candidate H + -binding sites
We were unable to isolate any mutants that affect the candidate H + -binding sites on the lumenal side of PsbS (marked by asterisks in Fig. 1 and squares in Fig. 2 ) by forward genetic screening, so we decided to alter these amino acids by site-directed mutagenesis. Codons for the eight acidic amino acids on the lumenal side of PsbS were changed in a psbS genomic clone in vitro. To eliminate H + -binding capacity without altering the structure of PsbS significantly, we chose amino acids with similar size and structure to replace the putative H + -binding amino acids. Glutamates (E) were changed to glutamine (Q) or valine (V), and the aspartate (D) was changed to asparagine (N) or alanine (A). Because of the sequence similarity of the amino-terminal and carboxy-terminal halves of PsbS, these eight amino acids were mutated either individually or in symmetrical pairs. The mutated psbS genes were transformed into npq4-1, the psbS deletion mutant, so that the resulting transformants contained only the mutated psbS gene and no endogenous wild-type psbS gene sequences.
PsbS expression and function in putative H + -binding site mutants
The mutant psbS genes in these experiments were expressed under the control of the wild-type psbS promoter. The wild-type gene used as starting material for site-directed mutagenesis was on a 3.2-kb fragment, which included approximately 1.8 kb of 5′ flanking promoter sequences and 0.3 kb of sequence downstream of the psbS stop codon. As a positive control for site-directed mutants, the npq4-1 strain was transformed with this wild-type psbS gene driven by its own promoter. Not only was the npq4-1 phenotype fully complemented, but the transformants actually had more PsbS protein (2-4-fold higher) and showed higher qE than wild type (Table 2) , even though the psbS gene copy number was the same as in wild type. This was the case for several independent lines, suggesting that there is a cis-acting negative regulatory element influencing expression of the psbS gene at its normal locus that was not included in the 3.2-kb genomic DNA construct used for these experiments.
Initial functional characterization of site-directed mutants was performed on hemizygous primary transformants (T1 generation) using chlorophyll fluorescence video imaging (Niyogi et al. 1998) . By comparing NPQ images of transformants with wild-type and npq4-1 controls, mutants could be assigned to one of three different groups based on their phenotypes (Fig. 3) . The E-to-V (or D-to-A) mutants had the same phenotype as the E-to-Q (or D-to-N) mutants for a given amino acid position (data not shown). Therefore, only the E-to-Q and D-to-N mutants were characterized further. For the first group of mutants, transformants showed a wild-type (or higher) level of NPQ, indicating that the mutation has little or no effect on PsbS function (Fig. 3A) . Transformants of the second group of mutants showed a phenotype that was intermediate between that of wild type and npq4-1, implying a partial loss of PsbS stability or function (Fig. 3B) . For the third group of mutants, all transformants showed a phenotype like npq4-1, suggesting that the mutation has a major effect on either the stability or function of PsbS (Fig. 3C) . In all cases, including the control transformation with the wild-type psbS gene, several transformants exhibited the npq4-1 phenotype and did not express the psbS gene. DNA gel blot analysis showed that these lines contained multiple copies of the psbS transgene (data not shown), suggesting that the lack of expression was due to a cosuppression phenomenon.
To distinguish between effects on PsbS expression/stability and PsbS function, 10 transformants were selected for each mutant and PsbS protein levels were tested by immunoblotting. For three of the acidic amino acid pairs (E129/D233, E131/E235, and E122/E226), the site-directed mutations had little or no effect on accumulation of PsbS protein compared with wild-type control transformants, suggesting that the amino acid substitutions did not affect expression or stability of PsbS (Table 2) . For the fourth pair of symmetrical glutamates, E108 and E212, we were able to detect PsbS when either one of these amino acids was changed to glutamine, but no PsbS was detected when both glutamates were mutated together (Table 2) . Although the fluorescence video imaging assay suggested that the function of PsbS was nearly totally abolished in single mutants, the lack of PsbS protein in the double mutant suggested that these glutamates might be important for proper folding and stability of PsbS, so we did not follow this group of mutants in subsequent experiments.
For each mutation, independent transformants containing a single psbS gene insertion were identified by DNA gel blotting, and homozygous lines were identified in the third generation (T3). The amount of qE was quantified (Table 2) in two or three homozygous lines for each mutant, except E122Q, for which only one line was obtained that had a single psbS insertion. Mutations affecting E129 and D233 did not affect qE levels compared with controls with similar PsbS protein levels, suggesting that these acidic amino acid residues are not very important for the function of PsbS.
The mutants affecting E131 and E235 exhibited an intermediate phenotype in the chlorophyll fluorescence video imaging assay of the T1 generation (Table 2) . Homozygous E131Q and E235Q single mutants exhibited relatively minor qE defects compared with the control (npq4-1 transformed with the wild-type psbS gene), whereas the double mutant, E131Q E235Q, had a 50% decrease in qE. Because accumulation of these mutant PsbS proteins was similar to that of the control, the function of PsbS rather than its expression or stability was perturbed. The The most dramatic phenotypes were observed for mutants affecting E122 and E226. The E122Q and E226Q single mutants had a 60-70% loss of qE, and essentially all qE was abolished in the E122Q E226Q double mutant, despite the presence of mutant PsbS proteins at the same level as wild type. This result strongly suggests that the symmetrical E122 and E226 residues are critical for PsbS function.
The glutamate side chains of E122 and E226 are located in the middle of the two conserved lumenal loops of PsbS, where they could potentially bind H + when, in excess light, the lumen pH decreases. A function in binding H + can also be ascribed to E131 and E235, which are located in the lumen close to the second and fourth TMHs. Future experiments will determine whether these glutamate side chains correspond to DCCD-binding sites in PsbS.
The γ-carboxyl group of glutamate side chains in small unfolded peptides has a pK a of approximately 4.5 (Fersht 1985) . In folded proteins, however, this value can vary substantially (from 2.0 to 5.5; Fersht 1985) depending on the local ionic strength and microenvironment of the side chain. In extreme cases, for example when the γ-carboxyl group is buried in a hydrophobic protein, the pK a can be as high as 9.5 (Paddock et al. 1989) . Therefore, it is certainly conceivable that one or more of the glutamates in PsbS could have a pK a value within the physiologically-relevant range of lumen pH values estimated for excess light conditions (~ 5.2-6.0), perhaps corresponding to the pK a value of 5.2 calculated for the H + -binding site in the three-state model for qE (Li et al. 2002) .
Conclusions
Forward genetic screening has so far identified eight amino acid residues in the four TMHs of PsbS that are important for its stability and/or function. With site-directed mutagenesis we have found two symmetrical pairs of conserved glutamates (E122/E226 and E131/E235) on the lumen side of PsbS that are important for the function, but not stability, of PsbS in vivo. Glutamates E122 and E226, which are located in the middle of the two lumenal loops of PsbS, are especially critical for PsbS function, because qE is severely affected when these amino acid residues are changed to glutamines. Our results are consistent with the idea that H + binding by PsbS is necessary for qE, and further experiments are underway to test this hypothesis.
